). This makes fem-3 the most rapidly ing developmental pathway, the fate of functionally evolving worm sex determination gene [7-9, 15-18] and linked genes is of particular interest. To investigate a thus puts it among the most rapidly evolving loci in the pair of such genes, we cloned orthologs of the key C.
(C) C. remanei has six pairs of chromosomes. Diakinesis oocyte nuclei were stained with DAPI, and in all cases six bivalents were visualized. One of these is the X as judged by chromosome-specific quantitative PCR (see Figures 3E and 3H ). The chromosomes of one nucleus are circled in yellow. Scale bars ϭ 50 M.
Cr-fem-3(RNAi) worms were normal, fertile females, and ent affinities or other variables, or simply relaxed conhalf were apparently male worms with varying degrees straint. To distinguish among these possibilities, we of somatic feminization. That they represented XX and employed the yeast two-hybrid system to perform di-XO animals, respectively, was verified through a novel rected tests for interaction with all possible combinaquantitative PCR assay that directly measures the relations of FEM-3 and TRA-2 homologs. All three conspetive dosage of X chromosomes to autosomes (Figure cific TRA-2/FEM-3 pairs interacted strongly in yeast, as 3E). Somatic feminization of XO animals could be renjudged by ␤-galactosidase expression ( Figure 4A ). None dered complete by high concentrations of injected RNA of the cross-species combinations produced any activ-( Figures 3C and 3D) , was insensitive to growth at eleity above that seen in the negative control strains (our vated temperature (Table 1) , and was never accompaunpublished data), and the positive interactions were nied by the production of oocytes. A small but consistent within a 4-fold range of each other ( Figure 4B ). fraction of female Cr-fem-3(RNAi) animals had oneAs a more genetic test of the tra-2/fem-3 functional armed gonads (the Oag phenotype), multiple vulvae relationship, simultaneous RNAi against both genes was (Muv), or undifferentiated germ cells well into adulthood employed in a pseudo-epistasis experiment. If the pri-(our unpublished data). To be certain they were not exmary function of tra-2 activity in females is to repress tremely feminized XO animals, we employed the quantifem-3 activity, then the absence of fem-3 should suptative single-worm PCR assay, and all abnormal females press the masculinization of tra-2(RNAi) XX animals were XX ( Figure 3F ). Such low penetrance effects of [8, 9] . Cb-tra-2/Cb-fem-3(RNAi) and Cr-tra-2/Cr-femlowered fem-3 activity on normal female development 3(RNAi) animals were generated, and in both cases the have not been reported in C. elegans. somatic phenotypes of tra-2(RNAi) alone were comWe also examined Cb-fem-3(RNAi) animals ( Figure 3G , pletely rescued (Table 1 ; Figures 4C and 4D ). Interest- Table 1 ). The progeny of unmated mothers were comingly, the germline masculinization of Cr-tra-2(RNAi) [9] pletely unaffected by injection with double-stranded and Cb-tra-2(RNAi) ([8]; Table 1 ) animals was not supCb-fem-3 RNA, as judged by somatic anatomy and the pressed. The overwhelming phenotype of XX Cr-tra-2/ ability to produce abundant self progeny. This differs Cr-fem-3(RNAi) animals was therefore Mog, a perfect dramatically from XX Ce-fem-3(RNAi) animals, which female soma with a completely masculinized germline like Ce-fem-3 mutants [26] are 100% Fog ( Figure 4H; ( Figure 4D ; Table 1 ). The low penetrance of Cb-tra- Table 1 ). No Fogs were seen after coinjection with Cb-2(RNAi) XX masculinization predicts that most of the XX fem-2 dsRNA, which on its own also fails to feminize double RNAi progeny would be self-fertile hermaphrohermaphrodite germlines [18] . To be certain that our Cbdites, which they were. However, a Mog population also fem-3 dsRNA preparation was effective and to assess appeared at a frequency of 20% (Table 1) . To be certain whether male somatic tissues were sensitive to it, we that the two dsRNAs were not somehow interfering with injected mated hermaphrodites. The XO progeny proeach other, we repeated the double RNAi experiment duced were roughly half wild-type and half variably femiwith mated mothers and found the expected phenotype nized. This penetrance was not sensitive to dose or of Cb-fem-3(RNAi) alone in the XO progeny (Table 1) . temperature (our unpublished data). As with Cr-femThese data show that fem-3 is required for proper 3(RNAi), XO Cb-fem-3(RNAi) animals never produced male somatic fates in both C. briggsae and C. remanei oocytes.
and that fem-3 function is regulated by its interaction with tra-2, as in C. elegans. Conservation of the tra-2/ Assessing the Conservation of the tra-2/fem-3 fem-3 interaction in all three species makes it unlikely Interaction that the sequence change seen in these genes is driven Rapid evolution of FEM-3 and TRA-2 could reflect a gain by selection to add or remove the interaction between or loss of physical interactions in evolution, compensatory coevolution of binding partners, selection for differthem. The lack of any cross-species two-hybrid interac- The longest exact sequence found in all three 3Ј UTRs is a 9 nt stretch that overlaps the PME on its 3Ј end (large red box). Another potentially conserved nucleotide, the 5Ј-most PME uradine, is also boxed. The three residues that are mutated in the Ce-fem-3(gf) alleles that initially defined the PME [23] are marked with blue asterisks. The red asterisk marks a residue mutated in an additional Ce-fem-3(gf) allele (A. Spence, personal communication).
tion also eliminates a model in which the binding partner this, XO C. briggsae-C. remanei hybrid animals are feminized [11], which may be due to an inability of heterolosequences are largely unconstrained. The inability of conserved FEM-3 domains to mediate an interaction gous forms of sex determination factors to interact in vivo. with TRA-2 indicates that independent lineages evolve internally compatible but externally incompatible soluOur results cannot address the possibility that selection for differences in details of the tra-2/fem-3 interaction, tions. Such concerted evolution could enable the sex determination pathway to be an early arising, if inadversuch as binding constants or stoichiometric composition, may be optimized to suit fleeting or lineage-specific tent, source of reproductive isolation. Consistent with . f Includes animals that had a delayed sperm-oocyte switch but were eventually self-fertile. g Includes animals with female or disorganized somatic gonads. These animals produced large numbers of sperm, had vulval defects, or had partially masculinized tails. Some of these animals eventually produced oocytes as well.
gether, these results suggest that the unexpected RNAi nation is manipulated by cytoplasmic organelles or parasites whose transmission is enhanced by female-biased phenotypes noted above are biologically meaningful and that sex determination is even more rapidly reconsex ratios (reviewed in [40]). If these conflicts create suboptimal host sex ratios, suppressing variants of sex figured in the germline than in the soma. In particular, the Cr-tra-2(RNAi)/Cr-fem-3(RNAi) results imply that Crdetermination genes would be favored by selection. This could initiate a "Red Queen" process in which a constant tra-2 may act independently of Cr-fem-3 in the germline. Such a fem-3-independent mechanism, mediated by a sexual phenotype masks rapid change in the components that produce it. Maternal-zygotic conflict requires direct TRA-2/TRA-1 interaction, was recently discovered in C. 
